A series of novel one-dimensional carbon nanomaterials have been synthesized on an alkali-element-modified Cu catalyst, via a simple chemical vapour deposition method. The alkali-element doping of the Cu catalyst plays a key role in the controllable synthesis of carbon nanomaterials, signifying a novel approach to modifying the Cu catalyst. Owing to their unique morphology and fine quality, the synthesized carbon nanomaterials have fascinating potential applications in nanometre-sized electronic devices.
Introduction
Carbon can appear in a wide variety of structures; among these, one-dimensional nanomaterials have been the focus of numerous theoretical and experimental studies because of their unusual structures and outstanding properties [1] . Carbon nanotubes (CNTs; single-walled [2] and multi-walled nanotubes [3] ) and carbon nanofibres (CNFs) [4] are the main one-dimensional carbon nanomaterials. Though a few methods have been well developed in the synthesis of CNTs and CNFs [3] [4] [5] [6] , only the chemical vapour deposition (CVD) method can offer a promising way towards lowcost, large-scale and variable-form synthesis for commercial requirements. Chemical vapour deposition of hydrocarbon over metal catalysts such as Fe, Co, Ni, Mo and their alloys is a classical method for producing carbon materials. Copper does not form a stable carbide [7] and acts weakly as a catalyst for carbon fibre growth [8] . However, copper has been used to modify the catalytic properties of nickel and cobalt catalysts [9] [10] [11] . In these alloys, the role of copper is that of an impurity, changing the crystalline state of catalytic metal ensembles [9, 10] , or improving the wetting characteristics of graphite on the catalyst surface [11] . It has been proven that copper is a catalytically inactive metal due to its filled 3 Author to whom any correspondence should be addressed. d shell; the electron density is not shared with the adsorbed species, and hence adsorbate bonds will not weaken and the molecule will remain intact [12, 13] . In order to increase the electron density of the metal catalyst, alkali-element doping is usually needed [14] . By accepting electron density from a basic support, for example, Cu can approach a 4s 2 3d 10 configuration [13] . Vander Wal et al reported that the reactive activity of copper in the synthesis of carbon nanofibres can be improved by accepting electron density from a support with a Lewis base character [13] . In this work, a variety of novel carbon species, such as carbon nanohorns filled with copper nanocones (Cu-CNHs), multi-branched CNFs (BCNFs) with microporous structure and bamboo-shaped carbon nanotubes filled with copper nanocones (Cu-CNTs), have been synthesized by chemical vapour deposition of acetylene on an alkali-element-modified Cu catalyst. It is found that alkali-element doping of the catalyst plays a key role in the synthesis process, signifying a new approach for the modification of the Cu catalyst for the synthesis of carbon nanomaterials by the CVD method.
Experiments
The catalyst was prepared by a simple combustion method [15] .
To examine the influence of alkali doping on the behaviour . The solution was transferred to a quartz boat, and directly brought into a furnace, heated to 500
• C, where it ignited and stayed on fire for about 10 min. Then, the boat was allowed to cool to room temperature and finally the foamy material obtained was ground to a fine powder.
A one-step process is also adopted for the synthesis of the carbon nanomaterials, i.e., the catalyst is directly introduced into the hot furnace without a preceding reduction phase. A typical synthesis is as follows: a furnace containing a quartz tube (external diameter: 60 mm; length: 1200 mm) is heated to 700
• C. Then to expel air, N 2 is sent through the tube at a flow rate of 600 ml min −1 for 4 min. Next, a quartz boat, 200 mm long and 30 mm wide-in which about 200 mg of catalyst is uniformly distributed-is inserted in the centre of the quartz tube. Subsequently, a mixture, C 2 H 2 :NH 3 :N 2 = 100:300:200, v/v, is introduced at a flow rate of 600 ml min −1 . The reaction is maintained for 30 min, after which the furnace is cooled to room temperature under a N 2 atmosphere.
In this process black materials are formed, henceforth called the as-prepared products, which are characterized by field emission scanning electron microscopy (FESEM, FEI Sirion), high-resolution transmission electron microscopy (HREM, JEM-2010 and Philips CM200UT) and transmission electron microscopy (TEM, JEM-2010) equipped with an xray energy dispersive spectrometer (EDS). and (c)) and HRTEM ( figure 1(d) ) images of the Cu-CNHs clearly demonstrate that the Cu nanocones are encapsulated into CNHs, which are usually 4-6 nm thick. It is difficult to find a CNH without Cu filling, indicating that the filling efficiency is high. In figure 1(d) , the two sets with a regular fringe spacing of 0.21 and 0.34 nm correspond to the (111) planes of the face-centred cubic copper and the (002) planes of graphite carbon, respectively. This proves that the assynthesized copper nanocones are single crystal, with a fairly good crystallization, and wrapped in graphite layers. The EDS spectra (not shown) of samples after purification only display copper and carbon, suggesting that the copper acts as a catalyst for carbon deposition. It has been reported that when exposed to air, Cu nanostructures will soon be consumed by oxygen and collapse [16] . Here the carbon shells provide an effective barrier against oxidation and consequently ensure long-term stability of the Cu core.
Results and discussion
When the K doping level is slightly increased (catalyst B), large amounts of Cu-CNTs instead of Cu-CNHs are obtained. As shown in figures 2(a) and (b), these carbon nanotubes have a diameter ranging from 40 to 100 nm and a length ranging from hundreds of nanometres to several micrometres. Figure 2(c) shows that all the CNTs have cone-shaped tips filled with Cu. A TEM investigation of the copper-filled CNT nanocones reveals that the CNT has a novel bamboo-shaped structure ( figure 2(c) ). It was established that nitrogen doping plays an important role in the formation of the bamboo-shaped CNTs, in which the N atom is generally bonded to C in two forms (sp 2 , pyridine-like, and sp 3 , bridgehead-nitrogen type) [17] . Ammonia is the nitrogen precursor in this work, so the formation of this bamboo-like CNTs structure is related to the presence of ammonia. It is also clear from figure 2(c) that the length of the nanocones exceeds 300 nm. No catalyst particles are found at the ends of the CNTs, suggesting that the copperfilled CNTs follow the top-growth mechanism [18] . HREM images ( figure 2(d) ) and SAED patterns (inset figure 2(d) good crystallization, similar to the Cu nanocones encapsulated in CNHs.
A further increase of the K content in the catalyst leads to a significant change of the configuration of the products. Finally, abundant multi-branched carbon nanofibres (BCNFs) are synthesized on catalyst D, with the highest K doping of the four catalysts ( figure 4(a) ). The highmagnification FESEM image ( figure 4(b) ) shows that the CNFs have a novel microporous structure, which is different from that of the conventional CNFs. The appearance of discrete reflections in the SAED pattern (inset in figure 4(c) ) proves that the catalyst particle consists of many nanocrystals. It can be seen that the catalyst for BCNF growth is different from the above-mentioned catalysts. A further investigation on the CNFs by HREM ( figure 4(d) ) suggests that the interlayer spacing of CNFs is about 0.34 nm, consistent with the (002) plane lattice parameter of graphitized carbon.
Our experiments also prove that the synthesized products strongly depend on the dosage of the alkali element; no carbon nanomaterial, of whatever shape, will deposit on the copper catalyst without K doping. Similar carbon nanomaterials can be obtained when, in place of potassium, an appropriate dosage of sodium or lithium is added to the catalyst. It has been proven that alkali-element doping results in an electron enrichment of the Cu-based catalysts, which in turn modifies its adsorption and reactivity [14, 19] . On the basis of our results, it is proposed that alkali-element doping also affects the morphology of the catalysts and modifies the catalytic activity of the copper particles. Further investigations are planned to elucidate the growth mechanisms of these novel carbon nanomaterials. We will use electron tomography to study the morphology evolution in three dimensions.
Conclusions
In summary, we synthesized a series of novel one-dimensional carbon nanomaterials using alkali-element doping of the Cu catalyst with the CVD method by controlling the alkali doping. Owing to their unique morphology and fine quality, the CuCNHs and the Cu-CNTs have fascinating potential for use in nanometre-sized electronic devices. The BCNFs with a novel microporous structure have significant potential in energy storage, especially as electrochemical double-layered capacitors [20] .
